Background-Right bundle branch block and right ventricular (RV) dysfunction are common after tetralogy of Fallot repair (rTOF). We hypothesized that right bundle branch block is associated with specific RV mechanical dyssynchrony and inefficient contraction.
P rogressive right ventricular (RV) dysfunction driving longterm morbidity and mortality is common after surgical repair of tetralogy of Fallot (rTOF). 1, 2 Similarly, right bundle branch block (RBBB) is common, and prolonged QRS duration conveys risk for adverse outcome. 3 Although electromechanical abnormalities are recognized in this population, 2,4-6 specific patterns of regional mechanical abnormalities induced by abnormal electric activation associated with RBBB have not been studied. In left bundle branch block (LBBB), abnormal electric activation leads to a typical mechanical dyssynchrony pattern characterized by early septal activation, observed echocardiographically as a septal flash, with concomitant lateral wall prestretch and late contraction of the early-stretched lateral wall. 7 This drives global left ventricular (LV) dysfunction and ultimately morbidity and mortality 2 and also predicts a high response rate to cardiac resynchronization therapy (CRT). 7, 8 Similarly, postsystolic shortening (PSS), caused by abnormal regional segmental interaction, is commonly associated with LV dysfunction but is not well described in the RV. 9 
Clinical Perspective on p 618
Given the progressive RV dysfunction in rTOF, the common occurrence of RBBB, and the importance of a prolonged QRS to outcomes, we hypothesized that RBBB is associated with early septal activation, early RV lateral wall prestretch, and late RV lateral wall contraction, mirroring adverse LBBB LV mechanics. We further hypothesized that RV electromechanical dyssynchrony is associated with PSS as a manifestation of abnormal segmental interactions, thereby contributing to inefficient RV contraction. Accordingly, the aim of this study was to investigate RV electromechanical dyssynchrony and PSS in children with rTOF.
Methods

Study Population
We prospectively studied rTOF children (aged <18 years) scheduled for outpatient evaluation. Patients with arrhythmia at the time of echocardiography, heart rate variation >10% between the 2-dimensional (2D) image used to generate RV strain and the pulmonary Doppler image used to determine end systole, an RV outflow tract (RVOT) Doppler gradient >50 mm Hg (to exclude confounding effects of significant pulmonary stenosis), or in whom RV 2D speckle tracking was inadequate in ≥3 segments were excluded. Age-and sex-matched healthy controls or children being evaluated for an innocent cardiac murmur with normal history, physical examination, and echocardiography were volunteers. The institutional research ethics board approved the study, and all subjects gave informed consent.
Echocardiography
Subjects were scanned using a standardized protocol on a Vivid-7 ultrasound system (GE, Horten, Norway) in the left lateral decubitus position using a phased-array transducer appropriate for body size. LV and RV dimensions were measured by M mode. Pulsed Doppler flow was obtained at the atrioventricular and semilunar valves. RV systolic pressure was calculated from tricuspid regurgitation continuous-wave Doppler. Tissue Doppler imaging was obtained at the lateral tricuspid annulus and the systolic (S′), early diastolic (E′) peak velocities, and isovolumic acceleration measured. 10
Two-Dimensional RV Speckle Tracking-Derived Strain
Gray-scale images for RV speckle tracking analysis were acquired at frame rates of 50 to 90 frames/s from the apical 4-chamber view. Gain and contrast were optimized. At least 2 cardiac cycles were stored for offline analysis (EchoPAC 7.0; GE, Horton, Norway). The RV endocardial border was manually traced excluding papillary muscles and trabeculations. Tracking was automatically generated by the software and was accepted only if both visual inspection and the software indicated adequate tracking. RV strain curves were generated at the basal, mid, and apical RV lateral wall and intact interventricular septum (IVS, 6 RV segments in all). Systole was determined as the time interval from the QRS complex onset to termination of pulsed Doppler flow at the pulmonary valve. RV end systole was depicted on the RV strain curves.
RV Mechanics
A right-sided septal flash was recorded as an abrupt biphasic motion of the IVS, during the isovolumic period (and within the duration of the QRS complex), toward, and then away from the RV cavity as viewed from the apical 4-chamber view by visual assessment from a slow-motion replay of the 2D image or from tissue Doppler imaging ( Figure 1 ; offline clip). In addition, the following parameters were derived from strain in each of the 6 RV segments (defined in Table 1 and Figure 2A and 2B): time to onset and peak myocardial shortening, total shortening time, PSS time and intra-RV delay at onset and peak segmental shortening, early systolic prestretch amplitude, total shortening amplitude, systolic shortening, effective shortening amplitude, and PSS (Figure 2A and 2B). The maximal intra-RV delay between any 2 segments at onset and peak shortening was calculated. 9, 11 Intra-RV dyssynchrony index was calculated as the SD of time to onset or time-to-peak shortening of 6 RV segments. 11
MRI and Exercise Testing
Results of cardiac MRI and exercise peak oxygen uptake (VO 2 ) and calculated percent-predicted peak VO 2 were recorded if obtained for clinical indications, if the interval from echocardiography was <1 year, and the patient was clinically stable and without intervention/ operation between the 2 examinations. RV volumes, ejection fraction (EF), and pulmonary flow volumes were measured by cardiac MRI (1.5 T Avanto; Siemens Medical Solutions, Erlangen, Germany) 
Statistical Analysis
Data are expressed as mean± SD, except for skewed time-related parameters (time to onset and time-to-peak shortening) in which median and range are reported. rTOF patients were compared with matched controls using 2-tailed paired Student t test. The McNemar test was applied for categorical variables; the Wilcoxon matched-pair signedrank test was used for time-related parameters and the Mann-Whitney test for PSS time and proportion. Correlations involving time-related parameters used Spearman rank correlation coefficient; other correlations used Pearson correlation coefficient. A value of P<0.05 was considered statistically significant (SPSS, Chicago, IL).
Intra-and Interobserver Variability
Intra-and interobserver variability of time-to-pulmonary valve closure, time to onset, and peak shortening was evaluated in 10 randomly selected rTOF patients and 10 controls. The coefficient of variation (SD of the difference between observers divided by the mean of measurements) was used to quantify intra-and interobserver variability. In addition, Bland-Altman analysis was generated to further describe the bias and limits of agreement (95%) for intra-and interobserver measurements.
Results
Study Population
Of the 53 eligible rTOF patients, 3 were excluded because heart rate varied >10% between the RV 2D image and pulmonary valve Doppler and 4 were excluded because of RVOT gradient >50 mm Hg. No patients were excluded because of inadequate speckle tracking. Thus, echocardiograms of 46 rTOF patients and 46 age-and sex-matched controls were analyzed. The rTOF group was similar to controls in age, sex, body dimensions, and heart rate ( Table 2 ). rTOF patients underwent reparative surgery at 1.4±1.3 years. Echo was performed 11.4±2.8 years after reparative surgery. Five patients underwent Blalock-Taussig shunt before reparative surgery. Twenty-three (50%) patients had transannular patch. Three underwent repeat surgery for RV pulmonary artery conduit/pulmonary artery plasty.
Of the 46 rTOF patients, 15 had follow-up MRI with echocardiography at the time of MRI. The time interval between first and follow-up MRI was 3.17±1.08 (1.4-4.7) years. None underwent intervention or operation between the studies.
Electrocardiogram
Forty-three (93%) rTOF patients had RBBB, 2 (4%) had incomplete RBBB, and 1 had normal QRS morphology. ECG was unavailable in 1 patient. The mean QRS duration in rTOF patients was 143±22 ms.
RV Intraventricular Mechanical Dyssynchrony
RV intraventricular dyssynchrony in the form of a right-sided septal flash was seen in apical to midsegments of the interventricular septum in all rTOF patients except 3 (1 with normal QRS morphology, 1 with incomplete RBBB, and 1 with RBBB). A septal flash was not seen in any control.
Time to Onset of RV Shortening and Early Systolic Prestretch
Time to onset of RV longitudinal shortening in 6 RV segments is shown in Table 3 . In controls, time to onset of longitudinal shortening was relatively homogeneous between segments with latest activation at the basal septum. In rTOF patients, the IVS mid and apical segments were activated much earlier than other segments, consistent with the observed right-sided septal flash. Conversely, the onset of RV basal segment shortening was markedly delayed versus controls.
Early systolic myocardial prestretch (lengthening) was most prominent at the RV lateral basal segment and was significantly higher compared with other RV segments in rTOF patients and compared with early systolic RV basal prestretch in controls ( Table 4 ). The time to onset of RV basal shortening in rTOF patients correlated with the amplitude of early systolic prestretch as a percentage of total shortening (r=0.716; P<0.001).
Peak and PSS
The timing and amplitude of peak myocardial shortening are shown in Tables 3 and 4 . In rTOF and controls, the mid-IVS was the earliest and the RV lateral base the latest to reach peak shortening. There was no significant difference in time-topeak shortening at the mid-IVS between rTOF and controls. Conversely, peak RV lateral basal shortening was significantly delayed in rTOF patients compared with controls. RV end systole was significantly delayed in rTOF patients compared with controls (421±34 versus 400±35 ms; P=0.003). The timing and amplitude of PSS are shown in Table 5 and Figure 3 . PSS was observed most commonly at the RV lateral basal segment and least commonly at the mid-IVS segment in both rTOF patients and controls. However, PSS at the RV lateral basal segment was more frequent and of significantly higher amplitude in rTOF patients versus controls ( Table 5) . The time to RV basal lateral PSS correlated to its amplitude as a percentage of total shortening (r=0.487; P=0.01). Mid-IVS PSS was not different between groups.
Total Shortening Time
Total shortening time in the various segments is shown in Table 3 . There was no significant difference in total shortening time at the RV lateral basal segment between rTOF patients and controls. The intra-RV delay, both in onset and in peak shortening, was significantly longer in rTOF patients than in controls (Table 3 ).
RV Regional and Global Functions by Echocardiography
RV regional total and effective shortening were lower in all RV lateral wall segments in rTOF patients versus controls ( Table 4 ). RV dimensions were larger and RV function impaired in rTOF patients versus controls ( Table 2 ).
Associations Between RV Electric and Mechanical Delay, RV Dyssynchrony, and RV Function in rTOF
In rTOF, RV dimension z score (r=0.53; P=0.001) and RV basal time-to-peak shortening (r=0.31; P=0.04) correlated with QRS duration. The degree of RV lateral basal early prestretch correlated with its effective shortening (r=−0.39; P=0.008). Time to onset of RV basal shortening correlated with intra-RV delay (r=0.63; P<0.001) and intra-RV dyssynchrony index (r=0.61; P<0.001) at shortening onset. Similarly, timeto-peak RV basal shortening correlated with intra-RV delay (r=0.70; P<0.001) and intra-RV dyssynchrony index (r=0.69; P<0.001) at peak shortening. RV end-diastolic dimension z score correlated positively with the intra-RV delay at onset shortening (r=0.32; P=0.04). No correlations were observed between other RV functional parameters and time to onset of shortening at the RV lateral basal segment.
MRI and Exercise Testing
MRI data were available in 34 (74%) rTOF patients ( Table 2) . There was no significant difference in the characteristics of patients with and without MRI. Seventeen had an RVEF <50%. Sixteen (47%) had an RV end-diastolic volume index >150 mL/m 2 . Peak exercise VO 2 was available in 38 (83%) patients. Overall, all study patients had either MRI or exercise study or both.
Indexed pulmonary regurgitation (PR) volume demonstrated modest but significant correlations with the intra-RV dyssynchrony index of time-to-peak shortening (r=0.39; P<0.05). No correlations were observed between RV basal delay and MRI-derived RV end-diastolic volume index or RVEF. However, the composite parameter of mechanical and electric dyssynchrony, derived by time-to-peak shortening at the RV basal segment minus the QRS duration, correlated with MRI-derived RV end-diastolic volume index (r=0.34; P=0.03) and a trend toward correlation with PR volume indexed (r=0.36; P=0.07). There was no correlation between RV basal delay and absolute or percent-predicted exercise peak VO 2 .
Follow-Up MRI and Echo
In the 15 patients with follow-up MRI, there were no significant differences in measured parameters between the 2 visits, except for mildly wider QRS at follow-up (139±30 versus 131±28 ms; P<0.05).
Intra-and Interobserver Variability of Time to RV Onset and Peak Shortening
Coefficient of variations for time to onset of shortening were <20% and for time-to-peak shortening <10%. Bland-Altman analysis showed reasonable bias and limits of agreement except for apical segments where agreement was lower ( Tables 6 and 7 ).
Discussion
Progressive RV dysfunction is common in rTOF, yet its pathophysiology is incompletely understood. We find that RV electromechanical dyssynchrony, manifested electrically by RBBB and mechanically by a right-sided septal flash, is ubiquitous after surgical repair of TOF leading to a typical pattern of early septal activation, with concomitant prestretch of the lateral basal wall, followed by late contraction of the RV lateral base and PSS. This dyssynchrony pattern is associated with regional RV myocardial dysfunction and global MRI parameters, including RV end-diastolic volume and pulmonary insufficiency.
Although LBBB leads to a typical pattern of early septal deformation-a (left-sided) septal flash-and this pattern in BSA indicates body surface area; EDD, end-diastolic dimension; EDV, enddiastolic volume; ESD, end-systolic dimension; EF, ejection fraction; FAC, fractional area of change; IVA, isovolumetric acceleration; LV, left ventricle; PA, pulmonary artery; peak VO 2 , peak oxygen uptake; PR, pulmonary regurgitation; rTOF, repaired Tetralogy of Fallot; RV, right ventricle; RVOT, right ventricular outflow tract; RVSp, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion; TDI, tissue Doppler imaging; and VSD, ventricular septal defect the LV has been strongly associated with response to CRT, nothing comparable has been described for the RV. In addition, the connection between RV PSS and electromechanical dyssynchrony in rTOF is novel. These abnormal segmental interactions and regional dysfunction are markers for inefficient RV mechanics that drive RV dysfunction in rTOF.
Electromechanical Dyssynchrony
RBBB was ubiquitous in our population, associated with early septal activation (right-sided septal flash), closely resembling LV LBBB patterns. 7 Parsai et al 7 described a septal flash as true dyssynchrony highly predictive of response to CRT. Early RV septal contraction induced prestretching of the lateactivated RV basal segment. The subsequent late initiation of systolic RV lateral contraction is associated with strong segment shortening but is partially inefficient as it continues after pulmonary valve closure (PSS). These abnormal segmental interactions were associated with reduced effective contraction, and PSS does not contribute to RVEF. Furthermore, PSS occurs when other segments are relaxing and therefore impedes diastolic function. 12 The pathophysiology of LV LBBB electromechanical delay is related to increased wall stress in the prestretched lateral wall, 8 Our findings mirror this pathophysiology for the RV. 13 Hence, RBBB leads to early RV systolic abnormalities and late inefficient contraction. 14 This is consistent with activation mapping studies showing delayed RV basal activation in rTOF patients, which imply disruption of normal RV peristaltic motion, thereby increasing RV inefficiency and abnormal segmental interactions. [15] [16] [17] Delayed RV basal activation is associated with reduced exercise capacity in adult rTOF patients. 18 Similar LV mechanical inefficiency between contracting and stretched segments has been quantified as the mechanical discoordination index and as contraction-stretch discoordination, which predict CRT response. 19, 20 How applicable this will be to the failing RV in the setting of RBBB remains to be studied, although hemodynamics of the failing RV can be acutely improved in rTOF with RBBB using pacing. 21, 22 
Relationship Between Early Septal Activation and Lateral PSS
LV PSS is a marker of regional myocardial dysfunction and dyssynchrony in various diseases 23-26 induced by regional differences in timing and degree of contraction/loading. 13, 27 There are few data on RV PSS. In contrast to the mild PSS seen in controls, PSS was more prevalent and severe in rTOF and was related to the amount of early systolic prestretch. Therefore, PSS in rTOF is a consequence of electromechanical dyssynchrony associated with regional dysfunction as seen by reduced RV basal strain. 14 We did not, however, find significant correlations between regional PSS and RVEF. This likely stems from a normal or low-normal EF in most patients, with regional, more than global, dysfunction.
We also postulate that segment shortening in early diastole impedes filling. We recently demonstrated impaired early diastolic filling and decreased early diastolic strain rate in rTOF children, whereas others showed prolonged LV and RV isovolumic relaxation related to PSS. 14, 28 Therefore, electromechanical dyssynchrony affects the whole cardiac cycle: early systolic abnormalities lead to PSS and inefficient mechanics in late systole and diastole.
We previously found that regional RV incoordinate contraction is prevalent in rTOF, even in young and relatively healthy children. These wall motion abnormalities worsen with exercise, possibly contributing to exercise intolerance. 2, 9 In addition, RV mechanical dyssynchrony was associated with reduced regional RV deformation, contributing to RV dysfunction. This study provides a pathophysiological mechanism for electromechanical dyssynchrony and these observations.
Clinical Correlation
MRI-derived PR correlated with the RV basal mechanical delay and intra-RV mechanical dyssynchrony and with the composite electric mechanical parameter. These results are consistent with findings early after rTOF repair. 29 Progressive PR may contribute to RV dilatation and QRS widening or to myocardial dysfunction and dyssynergy as reflected by the RV intraventricular dyssynchrony index. Whether reducing PR through pulmonary valve replacement, or treating mechanical dyssynchrony with pacing, would reverse abnormal mechanics requires further study. Extrapolating from LBBB, pacing may benefit specific patients with RV dysfunction, RBBB, and associated typical electromechanical dyssynchrony. Also of clinical relevance, RV basal delay did not correlate with exercise VO 2 . This is perhaps not surprising because electromechanical dyssynchrony, as depicted by a right-sided septal flash, was found in all but 3 patients. Similarly, the study population was young, relatively healthy, and at this early stage without overt RV dysfunction.
Study Limitations
This was a cross-sectional study with inherent limitations. The long-term clinical implications remain unknown. Our results are limited to rTOF patients with predominant RV volume loading. RV end systole was defined from pulmonary PW profile that was not simultaneous with the images used for strain, possibly leading to inaccurate PSS assessment. We therefore excluded patients with an arbitrarily determined heart rate difference >10% between acquisitions. Because of the limitations in strain imaging, our assessment was limited to the 4-chamber view, and we did not assess the RVOT. However, as the vast majority of patients undergo RVOT surgery, abnormal RVOT myocardial mechanics are expected and compounded by scarring and patch material when present. In LBBB LV dyssynchrony, the 4-chamber view is most commonly used because it captures abnormal septal-lateral interactions.
Conclusions
In conclusion, electromechanical dyssynchrony as evidenced by RBBB and a right-sided septal flash is common in children after repair of TOF. Early septal activation leads to early prestretch and late contraction of the RV basal lateral segments and regional PSS that are hallmarks of electromechanical dyssynchrony, regional dysfunction, and mechanical inefficiency. In other populations, a similar pattern of LV electromechanical dyssynchrony has been highly indicative of response to CRT. Additional study is required to see whether this will apply to RV dysfunction.
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